Fast-spiking (FS) interneurons provide the main route of feed-forward inhibition from cortex to spiny projection neurons in the striatum. A steep current-firing frequency curve and a dense local axonal arbor suggests that even small excitatory inputs could translate into powerful feed-forward inhibition, but such an arrangement is also sensitive to amplification of spurious synaptic inputs.
Introduction
The striatum is vital for the proper execution and selection of behavior, and disturbances in striatal dynamics give rise to both motor and cognitive disorders (Brown and Marsden 1990; DeLong 1990; Tekin and Cummings 2002) . Of particular interest for our understanding of striatal dynamics is how striatal neurons integrate cortical inputs and participate in local striatal signal processing. In particular, periods of increased synaptic activity depolarize striatal spiny projection neurons (SP) into an 'up-state', which is the only time during which action potentials are generated (Wilson and Kawaguchi 1996) . Though considerable attention has been given to how intrinsic properties of striatal neurons control up-states (e.g. Wilson 1993; Nisenbaum et al. 1996; Wilson and Kawaguchi 1996; Gruber et al.2003 ) , experimental findings on local synaptic transmission in the striatum (Plenz and Kitai 1998; Koos and Tepper 1999, 2002; Czubako and Plenz 2002; Tunstall et al. 2002; Blackwell et al. 2003; Guzman et al. 2003; Taverna et al. 2004; Koos et al. 2004) suggest that GABAergic circuits also play a fundamental role in modulating the spiking of SP neurons, which are the output neurons of the striatum (Plenz 2003; Tepper et al. 2004) .
A major source of GABAergic synaptic input to SP neurons is from the fast spiking (FS) interneuron, through its dense, local axonal arbor (Kawaguchi 1993; Kawaguchi et al. 1995) . FS interneurons receive glutamatergic inputs from cortico-striatal projection neurons; thus they provide feed-forward inhibition to striatal neurons (Plenz and Kitai 1998; Koos and Tepper 1999) . In addition, FS interneurons receive GABAergic inputs from striatal interneurons and globus pallidus neurons. Despite the relatively small population of FS interneurons (1-5 %; Kita 1993), they may profoundly influence striatal activity because of their ability to fire at high rates (Koos and Tepper 1999; Plenz and Aertsen 1996; Nisenbaum FINAL ACCEPTED VERSION: JN-00063-2005.R1, p 4 and Berger 1992; Berke et al. 2004) , dense axonal arborization and preferential innervation of SP neuron somata (Kubota and Kawaguchi 2000; Bennett and Bolam 1994) .
These properties of FS interneurons suggest that small input signals may be translated into powerful inhibition; however, such an arrangement also is sensitive to 'noise', such as spurious synaptic inputs. This feedforward inhibitory circuit may require some filter mechanism that prevents irregular activation by a few random cortical inputs. Otherwise, inadvertent FS interneuron action potentials may suppress SP neuron firing, counteracting the selection mechanism of spiny projection neurons for cortical inputs, or disrupting the precise timing of action potentials, which control dendritic calcium dynamics (Kerr and Plenz 2002, 2004; Carter and Sabatini 2004) .
Sensitivity to spurious synaptic inputs can be suppressed in several ways. For example, a very negative resting potential, as seen in spiny projection neurons, requires multiple synaptic inputs to coincide in time (spatial integration) to depolarize the neuron to spike threshold. Such a mechanism is unlikely to work in FS interneurons, as their resting potential is closer to spike threshold. Alternatively, a KA current necessitates multiple synaptic inputs over a more prolonged time period (temporal integration). FS interneurons exhibit a delay in spike generation in response to depolarization, which is suggestive of a KA current (found in fast spiking interneurons of the neocortex (Goldberg et al. 2003a (Goldberg et al. , 2003b . In the present study, we use a computer model of an FS interneuron to assess the effect of KA currents on the selectivity of FS interneurons, by comparing spike generation during the up-state to spike generation during the down-state. The latter is representative of the sensitivity to spurious synaptic inputs because down states represent periods of low synaptic activity. We assessed the robustness of the effect to changes in intrinsic excitability and inhibitory synaptic inputs, as modulated by dopamine (Nicola et al. 2000; Bracci et al. 2002; Centonze et al. 2003) FINAL ACCEPTED VERSION: JN-00063-2005.R1, p 5 2 Methods
Model
The compartmental model of an FS interneuron was created using the GENESIS simulation software (http://www.genesis-sim.org/GENESIS/) running on the Redhat Linux operating system. First, the morphology and passive properties were adjusted. Second, the voltage dependent channels were included (Table 1) . Third, synaptic channels and input spike trains Table 1 were incorporated ( Table 2) . Model responses to current injection and statistics of synaptic Table 2 inputs were highly constrained by experimental measurements of synaptic inputs (Table 3) .
Morphology
The branching structure of the fast spiking interneuron is a prototype of the morphology revealed by biocytin reconstructions in the acute slice (Kawaguchi 1993) and organotypic cultures (Plenz and Kitai 1998). The morphology contains three primary branches, 6 secondary branches, and 12 tertiary branches ( Fig 1A) , each subdivided into multiple, isopotential compartments. Membrane resistivity=20,000 Ωcm 2 ; axial resistivity = 300 Ωcm; membrane ca-pacitance= 0.7 µF/cm 2 . These, passive properties were modified from commonly accepted values (Major et al. 1994; Spruston et al. 1994) to reproduce the input resistance and time constants previously measured (Blackwell et al. 2003) . This branching structure was sufficient to reproduce the effect of electrotonic properties on distributed synaptic inputs ( Fig 1B,C) . 
Voltage-gated Channels
Action potentials were generated by the fast sodium current and delayed rectifier (Kv3.1/3.2 and Kv1.3) potassium currents in the soma (Erisir et al. 1999) . Though transient potassium FINAL ACCEPTED VERSION: JN-00063-2005.R1, p 6 currents have not yet been identified in striatal FS neurons, a transient potassium current was included in the soma and primary dendrite compartments on the basis of the experimentally observed spike latency (Blackwell et al. 2003; Kawaguchi 1993; Koos and Tepper 2002) , which is defined as the time between current injection and first spike. The voltage dependence was modified from that of transient potassium currents in spiny projection neurons (Akins et al. 1990; Nisenbaum et al. 1996; Tkatch et al. 2000) to produce the spike latency observed in experimental data (Blackwell et al. 2003) . Maximal conductance of these three voltage dependent channels was optimized, using the simulated annealing routines in GENESIS, to produce spike latency, spike threshold, and frequency-current relationship similar to that measured in FS interneurons in vitro (Fig 1B,C; Blackwell et al., 2003) . Note that the lack of an axon hillock and initial segment necessitates a high channel density for action potential initiation.
Synaptic Inputs
AMPA glutamatergic (Götz et al. 1997; Jahn et al. 1998; Stefani et al. 1998 ) and GABAergic (Salin and Prince 1996) synaptic channels were placed in the soma and dendrite compartments, resulting in 254 evenly distributed synaptic inputs. Each channel was activated by an independent Poisson distributed input train. As described in the results, this spatial distribution was corrected to better match characteristics of FS interneurons in triple co-cultures.
The interspike interval of each of the 254 down-state Poisson trains was adjusted to 9 sec (frequency 0.11 Hz) to reproduce the experimentally observed down-state inter synaptic event interval (IEI) distribution for the population. The maximal synaptic conductance and distribution of the channels was adjusted to produce the same amplitude and rise time distribution measured experimentally (Blackwell et al. 2003) . Table 4 illustrates that the mean ampli- Table 4 FINAL ACCEPTED VERSION: JN-00063-2005.R1, p 7 tude, rise time and inter-event interval in the FS interneuron model is within the range found experimentally for synaptic inputs to FS interneurons in co-culture. In addition, simulated PSPs had the same skewed distribution as found experimentally (Figure 2A,B ). 
Signal to Noise Analysis
Ideally, signal to noise ratio (SNR) is quantified as spike rate in response to signal divided by spike rate in response to noise; however, in the striatum, signal synaptic inputs are not discriminable from noise synaptic inputs. Thus, under the assumption that important information is transmitted to the globus pallidus by the striatum during up-states, all up-state spikes are defined as signal spikes. Spikes during down-states (periods of low frequency synaptic inputs) are used as surrogates for noise spikes. The number of noise spikes often was zero, making signal to noise ratio (SNR) undefined; therefore, the SNR calculation was modified to be the ratio of up-state spikes to total spikes. The number of up-state spikes, and the number of down-state spikes were measured for each combination of down-state activity, g KA , and up-state duration. The effect of these parameters on spike rates during both up-states and down-states was evaluated using the procedure LOGISTIC (which performs logistic regression on data with a limited number of ordinal response values) and GLM (which evaluates general linear models) in the statistical software SAS (SAS Institute, Gary, NC).
Results
This study addresses the issue of synaptic integration and the control of action potential generation. Recent in vivo findings show that neurons receive hundreds to thousands of inputs, producing up-states during which action potentials are generated. The present study uses theoretical techniques to address questions regarding synaptic inputs and action potential generation. In the first section, the development of a model highly constrained by electrophysio-logical data reveals some properties on synaptic inputs. In the second section, simulations evaluate the effect of the KA current on synaptic integration. In the third section, the interaction of dopamine and KA currents are addressed.
Adjustment of Population Synaptic Inputs and Spike Generation during Up-states
In the absence of precise anatomical data on synaptic inputs to striatal FS interneurons, we used electrophysiological data on spontaneous synaptic inputs during up-states in conjunction with model development to evaluate different distributions of synaptic inputs. Two characteristics, reversal potential of the population of post-synaptic currents (PSC) and mean number FINAL ACCEPTED VERSION: JN-00063-2005.R1, p 9 of spikes generated per up-state, were used simultaneously to constrain the distribution of synaptic inputs in the FS interneuron model. One characteristic was the up-state synaptic population reversal potential in FS interneurons, which ranged from -33 mV to -45 mV in triple co-cultures (after correction for junction potential of 14 mV) (Blackwell et al. 2003) . The experimentally measured reversal potential was considerably lower than the -30 mV in the model with AMPA and GABA synapses evenly distributed. To lower the simulated reversal potential, GABA synaptic inputs from tertiary branches were re-distributed evenly among the soma, and primary and secondary dendritic branches. This spatial distribution, motivated by the spatial gradient of GABAergic inputs measured in hippocampal fast spiking interneurons (Pettit and Augustine 2000), produced a simulated reversal potential of -43 mV, which is within the range measured experimentally (Fig 3) . Placing GABA synapses close to the soma rescued the reversal potential, but resulted in spontaneous spiking during up-states less frequently than measured experimentally ( Figure   4A ,C, mean rate = 0.17 per up-state). Several adjustments were possible to produce an Fig. 4 FINAL ACCEPTED VERSION: JN-00063-2005.R1, p 10 increase in up-state spikes. One possibility was to increase the amount of glutamate current, either by an increase in frequency or amplitude of synaptic inputs. However, this type of solution raised the synaptic population reversal potential, and so was not acceptable. An alternative was to increase the correlation among the synaptic inputs as demonstrated by paired intracellular recordings (Plenz and Kitai 1998; Stern et al. 1998) These simulations imply that, given the experimental constraints of reversal potential and spontaneous firing rate during the up-state, GABA synaptic inputs are preferentially located close to the soma, and a modest correlation among all synaptic inputs is required during up-states. sensitivity of up-states and down-states to noise was captured in the SNR curves ( Fig 6A) , which demonstrate that SNR decreases at high noise. Fig 6A also demonstrates that high g KA
Transient Potassium Currents Increase Signal to Noise Ratio
is particularly important at high noise levels. The average up-state spike rate (the number of spikes divided by the up-state duration) increased as g KA decreased at all noise levels ( Fig   5, 6B) . In contrast during the down-state, the change in spike rate with g KA was seen only Table 5   Table 6 Fig. 5 for higher noise levels (Fig 5, 6C) . Therefore, the increase in down-state spike rate with noise was particularly prominent at lower g KA . The sensitivity to noise and g KA was the same for upstate durations from 50 to 400 ms, which covers the range of experimentally observed values in vitro (Blackwell et al. 2003 ; Table 2 ) and in vivo (Stern et al. 1998 ). These results demonstrate that KA is important because it increases SNR at high noise levels.
To demonstrate that properties attributed to the KA current are not due to a general decrease in potassium currents, simulations were repeated in models with 80% g KA and a compensatory increase in the Kv3.1/3.2 conductance. The compensatory value was deter-FINAL ACCEPTED VERSION: JN-00063-2005.R1, p 12 mined by using the simulated annealing parameter optimization routine, which adjusted the Kv3.1/3.2 conductance to produce the best match to the experimentally measured FI curves.
This increase in the Kv3.1/3.2 current did not compensate for the decrease in the g KA value in terms of effect on SNR. Thus the ability to suppress down-state and up-state spikes is specific to the KA current.
The ability of the KA current to suppress down-state spikes was robust to variation in unconstrained parameters. High values of g KA prevented an increase in down-state spikes in Either a reduction in g KA or the presence of dopamine increased the sensitivity of the FS interneuron to changes in synaptic input frequency during the up-state.
In summary, in the FS interneuron the control level of g KA conveys robustness to downstate synaptic inputs (noise), whereas the increase in dopamine increases sensitivity to changes in up-state synaptic inputs (signal).
Discussion
We developed a compartmental model of a striatal fast spiking interneuron to investigate whether synaptic inputs during the down-state adversely affect signal detection during up-
states. Furthermore, we examined how up-state firing is controlled by transient potassium currents that produce delays in action potential generation in response to depolarization.
Key features of the model, such as morphology, intrinsic currents, and synaptic currents, were matched to experimentally obtained data from cortex-striatum-substantia nigra cultures. Overall, results showed that the KA current serves an important role to enhance signal detection by suppressing action potentials in response to synaptic noise. Thus, this study quantitatively tested and confirmed previously proposed ideas on the role of the KA current (Nisenbaum and Wilson 1995; Wilson 1995) .
Reproducing the experimentally observed spike latency and high firing frequency required inclusion of three different potassium channels in the model. Equations for the two delayed The ability of FS interneurons to profoundly influence striatal activity implies that FS interneurons need to be highly selective in their responses to synaptic inputs. Thus, in the fully adjusted model, we explored the KA current as a possible mechanism for creating input specificity in FS interneurons. We demonstrated that the ability of KA currents to suppress responses to random synaptic inputs while allowing responses to correlated synaptic inputs created such input specificity. In other words, a strong KA current results in a better SNR in high noise conditions by preferentially suppressing down-state spikes.
These findings are robust with respect to changes in synaptic input characteristics and channel distribution. whereas KA is activated prior to spike generation due to its lower activation threshold. Our results suggest that KA channels allow FS interneurons to operate without a decrease in SNR during conditions of increased dopamine, as occurs in response to reward or anticipated reward.
Another mechanism to increase input specificity is to increase background synaptic activity (Bernander et al. 1991) , which lowers the gain of neurons (Ho and Destexhe 2000; Chance et al. 2002) . Gain is the change in output firing frequency with a change in input synaptic frequency. If the gain is too high, a small increase in input frequency may saturate the neuron's output, preventing the neuron from accurately signaling larger changes in input frequency. Background activity improves input specificity by lowering the overall conductance of the neuron, which necessitates large input signals to reliably depolarize the neuron to spike threshold (Bernander et al. 1991 ). In addition, background noise makes the neuron responsive to lower values of signal input, allowing the neuron to spike when a small signal is coincident with background excitatory input (Ho and Destexhe 2000; Chance et al. 2002) .
In contrast to the synchronous excitatory synaptic input used as the signal by other studies, striatal up-states are relatively long periods of increased, relatively asynchronous, excitatory and inhibitory synaptic inputs. As such, the up-state itself is similar to a large increase in background synaptic activity; thus, the gain during the up-state is already low ( Fig   7B) . Consequently, a small increase in down-state activity does not improve input specificity ( Fig 6) , and a large increase in down-state activity may make the gain too low, hindering the rons. That study showed that dopamine depolarizes the FS interneuron, and decreases the amplitude of GABA IPSCs onto the FS interneuron. Our simulations show that dopamine increases the gain of the FS interneuron, allowing more reliable up-state spike generation, while maintaining a high SNR (Fig 7) . This increase in gain improves input sensitivity since the FS interneuron's firing rate (< 10 Hz) is still significantly below its peak firing rate (200 Hz). This mechanism may make the FS interneuron more responsive to input stimuli when they are associated with reward or anticipated reward, which causes an increase in dopamine release.
These simulation results can be rephrased in terms of a set of experimentally testable Excitatory AMPA synapse 0.000 τ 1 τ 2 0.67 · 10 −3 2 · 10 −3 0.754· 10 −9 Table 3 : Synaptic currents modelled. Ion channels activated by synapses are described by:
I syn = G max · G syn (t)(V − E syn ) where E syn is the reversal potential. G syn (t) is the synaptic conductance modeled as: G syn (t) = Amax τ 1 −τ 2 (exp( −t τ 1 ) − exp( −t τ 2 )) where τ 1 > τ 2 and A max is adjusted to approach unity at the peak. The units are in s, V and S. Table 6 : Effect of duration on up-state spike rate (number of spikes divided by duration) was assessed using general linear models. The duration by g KA interaction term was significant because duration modulated spike rate only for g KA =60%.
